Northern South America experienced significant changes in drainage patterns during the opening of the South Atlantic Ocean. Disappearance of a mega-wetland in the western Amazonian basins was followed by the formation of the eastward-draining Amazon River, which has been attributed to Andean uplift [1] [2] [3] [4] [5] . However, South America's westward motion over cold, dense subducted slabs implies that regional subsidence and uplift east of the Andes may have been driven by mantle convection. Here we use a coupled model of mantle convection and plate kinematics to show that dynamic subsidence of up to 40 m Myr . The resulting progressive tilt of northern South America to the east enabled the establishment of the Amazon River, suggesting that mantle convection can profoundly affect the evolution of continental drainage systems.
be attributed to Early Tertiary to Holocene intraplate tectonics, including subsidence associated with a low-rate extension that contributed to a structural low 12 . The Late Miocene (∼11 Myr bp) is also well documented for a significant drop in sea level, which would have contributed to the disappearance of the Amazonian mega-wetland and marine incursions 13, 14 , but could not have caused a fundamental change in the continental drainage pattern. The mechanism driving the time-progressive tilt of the world's largest drainage system remains insufficiently described and here we present a new and unconventional explanation.
Instantaneous models of dynamic topography, mapping largescale surface depression or uplift driven by mantle convection, predict one of Earth's largest topographic lows over South America 15 , but its time dependence is unknown. To unravel the history of mantle-convection-driven continental elevation and tilting, we use a geodynamic model that integrates plate motions, dynamically evolving plate boundaries and mantle tomography. We generate estimates of palaeo-topography by adjusting a present-day digital elevation model with time-dependent dynamic topography and estimates of global sea level.
The first approximation of initial conditions for seismic structure at earlier times can be optimized using a simple backward integration of the governing equations 16 . The initial condition is further refined through an iterative forward-inverse optimization, adjoint, algorithm. The starting point of the adjoint model is a present-day mantle density and effective temperature field converted from seismic velocity perturbations 17 . Forward in time, as South America migrates westward, the model shows the development of temperature anomalies under the continent due to subduction of the Farallon, Phoenix, and most recently Nazca plates ( Fig. 2 and Supplementary Fig. S1 ). The evolution of thermal anomalies in the adjoint model links slab volumes to particular tectonic stages of subduction. The viscous forces imparted on South America by the continent's gradual passage over these slabs sinking in the mantle are reflected in negative surface dynamic topography ( Supplementary Fig. S2 ), resulting in long-wavelength subsidence over the Cenozoic era ( Fig. 3 and Supplementary Fig. S3 ). At present, the bulk of the underlying slab (Fig. 2) By inundating our modelled palaeo-topography with a eustatic sea-level curve 14 ( Fig. 1 and Supplementary Fig. S5 ), we obtain a palaeo-geography estimate that can be compared with geologically mapped palaeo-depositional environments. Since at least 45 Myr bp our modelled palaeo-geography shows increasing inundation of northwestern South America, and between 22 Myr and 14 Myr bp matches the mapped geometry of the Amazonian mega-wetland (Fig. 1) . Without correcting palaeo-topography for mantle-driven dynamic topography, inundation of northern South America using present-day topography ( Supplementary Fig. S4 ) is significantly offset with respect to mapped palaeo-coastlines. This is particularly true of the central and eastern regions of South America where Andean orogenic processes are largely absent. The modelled topographic low would have accommodated most of the drainage and/or marine incursion of the central and western regions of the continent towards the north (Fig. 1) . Although we did not remove the effect of Andean mountain building when generating palaeo-topography, our results provide a good prediction on the timing and eastern geometry of the Amazonian megawetland. Despite this evolving broad dynamic topography low being contemporaneous with flexural subsidence from Andean uplift, the wavelength of the dynamic signal extends further east, beyond the domain of the foreland basin. The removal of sediment (or orogenic growth) back through time would further decrease palaeo-topography and would lead to additional overinundation. A mechanism restricted to the western margins seems insufficient to explain such a continental tilt and we suggest that dynamic topography is the main driving factor in longwavelength changes in topography and the formation of the Amazonian mega-wetland.
Towards the northeastern side of the continent, our palaeotopographies reconstruct a structural/topographic high preventing any drainage linking the Caribbean and Atlantic from at least 22 Myr to 14 Myr bp (Fig. 1) . The small connection to the Atlantic shown in our model is an artefact of using present-day topography, which has been shaped by erosion of the Amazon River. A structural high is likely to have been continuous across the Brazilian margin, comprising the Purus and Monte Alegre arches. Our model also supports the idea that a restricted eastward-draining palaeo-Amazon River may have existed during the Early to Middle Miocene to the very east of this structural high 7 . In contrast to broad subsidence across central and eastern South America, our geodynamic model predicts a narrow band of uplift at a rate of 40 m Myr −1 since approximately 30 Myr bp, originating along the western coast of South America (Fig. 3) . This is due to the westward translation of the continent past the bulk of the sinking slab mass, causing easterly migrating surface rebound across the Andes, extending east to 67
• W (Fig. 2) . Although subduction along the western margin of South America has occurred since the Late Cretaceous 18 , our geodynamic models imply that the influence of subducted slabs on the surface topography diminishes quickly as slabs sink deeper, and that topographic variations are more affected by the rapid westward motion of South America over descending slabs. This is evident through our model with decreasing magnitudes of subsidence and uplift over time, which also migrate eastwards (Fig. 3) .
In addition to eastward-migrating mountain building 2, 5, 9, 19, 20 , this eastward-propagating dynamic uplift would have significantly reduced any marine incursions, uplifted the Amazonian mega-wetland, caused a significant re-organization of drainage across the northern region of the continent, and may account for increased eastward sediment provenance and rates of sedimentation at the Amazon fan during the Early Pliocene 7 . The reduction of the Amazonian mega-wetland, as reconstructed by our palaeo-geographic maps, is most pronounced between 14 Myr and 6 Myr bp (up to 200 m of uplift; Fig. 1 ), which matches independent observations of Late Miocene to Pliocene uplift and disappearance of the mega-wetland 2,9,10,13 , and cessation of continental basin deposition 6 . The magnitude, timing and spatial domain of our modelled results suggest that the evolution of the Andes and other tectonic features, such as the Iquitos arch 5, 10 , may have been modulated by dynamic topography. Despite the long wavelengths of dynamic topography, it is possible that localized stress as a consequence of accelerated subsidence or uplift has reactivated existing basement features, or enhanced the effect of forebulge uplift 5 . Furthermore, the eastward migration of the Andean mountains, continued propagation of the Amazonian forebulge 5 , increased Late Miocene Andean uplift rates 21 and increased sedimentation rates in foreland basins 22 may at least partly be a consequence of eastwardpropagating dynamic uplift. The longitudinal migration of both peak subsidence and later uplift is well demonstrated by our model (Fig. 3) , with the transition of deformation from the orogen and foreland domains to intracratonic basins. Although initial eastward propagation of orogenic deformation is estimated to have reached the Eastern Cordillera between 40 and 30 Myr bp (ref. 23) , and the sub-Andean basins as late as 10 to 5 Myr bp (ref. 24) , we argue that the sustained magnitude and wavelength of dynamic topography is the dominant factor in driving an increase in continental long-wavelength tilt through time. For instance, the forward propagation of orogenic deformation in the past 10 Myr is merely 74 km (ref. 20) .
We propose that the formation of the present-day Amazon River was primarily driven by mantle-convection-driven subsidence and uplift of the western regions of South America. To a lesser extent, progressive eastward tilting of the continent was also facilitated by continued subsidence of approximately 10-20 m Myr −1 of eastern South America, as it moved over slab material sinking in the lower mantle (Fig. 2) . Our palaeo-geographic reconstructions show clear uplift in the west, and subsidence of the central and eastern basins of South America, from 14 Myr bp to present-day (Figs 1 and 3) , facilitating the initiation of the transcontinental Amazon River. The magnitude of dynamic topography-driven subsidence, with up to 400 m of subsidence at the mouth of the Amazon between 60 Myr bp and present, was significant enough for fluvial transport to overcome easterly structural highs.
Our reconstructed timing of major regional transgressions and regressions is supported by several independent observations 6, [11] [12] [13] . Miocene sediment sources for the palaeo-Amazon River and offshore fans progressively shifted west towards central Amazonia by the Middle Miocene, connected with the central wetland regions, and reached the Andes by the Late Miocene 6 in agreement with our model. This change in sediment source followed the expansion of regional drainage towards the west as facilitated by broad subsidence. In addition, sediment provenances and ages from fan deposits in the Foz do Amazonas basin 6 are well accounted for by our geodynamic model.
Our geodynamic model provides a robust mechanism for driving long-wavelength topography of South America over the Cenozoic that incorporates the entire continental domain. We have successfully established that dynamic subsidence and uplift imparts significant time-dependent effects on palaeo-geography, driving changes in fluvial drainage and marine incursions. Our geodynamic model for the evolution of northern South America demonstrates that the iterative assimilation of plate kinematics, seismic tomography and regional geological data into mantleconvection models is a powerful approach to link deep Earth to surface processes.
Methods
Coupled plate kinematic/mantle convection models require initial and boundary conditions as well as mantle rheology to be well constrained. We use the adjoint method to retrieve mantle initial conditions, and the viscosity structure is constrained by fitting dynamic subsidence inferred from stratigraphy over North America. Modelling, and subsequent visualization were achieved through a combination of software packages. We used CitcomS for the computation of mantle convection using a finite-element method 25 , GPlates for plate reconstruction and model boundary condition generation, and generic mapping tools for visualization and file manipulation. Our adjoint models use Grand's Table 1 ). The surface is isothermal and the core-mantle boundary is isothermal with mechanical free-slip conditions. Surface velocity grids, as boundary conditions to the adjoint model, were derived from plate tectonic reconstructions 28 , in one-million-year increments. The palaeo-topography reconstructions were achieved by deriving grid files of surface dynamic topography from adjoint model output. At each time step, differential dynamic topography (that is, that with respect to present-day) is added to present-day topography in an attempt to recreate a palaeo-topography model.
